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Using a combination of resonant soft x-ray scattering, magnetometry, x-ray reflectivity and mi-
croscopy techniques we have investigated the magnetic properties and microstructure of a series of
perpendicular anisotropy Co/Pt multilayer films with respect to structural disorder tuned by vary-
ing the sputtering deposition pressure. The observed magnetic changes in domain size, shape and
correlation length originate from structural and chemical variations in the samples, such as chem-
ical segregation and grain formation as well as roughness at the surface and interfaces, which are
all impacted by the deposition pressure. All samples exhibited short range “liquid-like” positional
ordering over significant portions of their major hysteresis loops, while only the lowest disorder sam-
ples showed evidence of a random “gas-like” distribution of magnetic domains, present just after
nucleation and as well as prior to saturation. The structural and chemical disorder induced by the
higher deposition pressure first leads to an increase in the number of magnetic point defects that
limit free domain wall propagation. Then, as the sputtering pressure is further increased, the domain
wall energy density is lowered due to the formation of local regions with reduced magnetic moment,
and finally magnetically void regions appear that confine the magnetic domains and clusters, similar
to segregated granular magnetic recording media.
PACS numbers: 07.85.+n, 61.10.-i, 78.70.Dm, 78.70.Cr
I. INTRODUCTION
Perpendicular anisotropy magnetic thin films can ex-
hibit complex domain structures due to the competition
between short range and long range interactions. Mag-
netic domain patterns include highly ordered labyrinths,
bubbles, fractal patterns, and many more variations.
The different shapes and geometries of the domains are
greatly influenced by the degree of lateral magnetic het-
erogeneity in the system caused by chemical and struc-
tural variations present within the thin film itself. In
addition to ferromagnetic systems, competing domains
are also found in many other areas of science. Labyrinth,
stripe, and bubble domains [1] have been observed in
a large variety of systems and at many different length
scales. These include synthetic antiferromagnets [2], fer-
rimagnetic multilayers [3] and garnet films [4], nanoscale
self-assembled systems [5], ferroelectrics, smectic and
lamellar phases of liquid crystals, ferrofluids, block co-
polymers and more. In the case of magnetic systems,
the disorder can often be directly attributed to struc-
tural and chemical disorder through pinning sites, static
frozen random fields, magnetic voids and variation in the
lateral magnetic exchange coupling.
While such magnetic domain patterns are interesting
in their own right, understanding the character of micro-
scopic magnetic domains is of vital importance to mag-
netic data storage technology. Co/Pt, and similar multi-
layer films represent some of the best and most frequently
studied model systems with perpendicular anisotropy [6–
8, 10–13]. Yet at times surprising gaps in our understand-
ing are uncovered regarding widely accepted magnetic
phenomena [14–16].
Here we present an investigation of the effects of struc-
tural and chemical disorder on the lateral inter-grain ex-
change, and therefore on the magnetic domain structure,
in a series of Co/Pt multilayer samples with perpendic-
ular magnetic anisotropy. The disorder is brought about
by increasing the sputter growth pressure [17] of the
Co/Pt multilayers during deposition and has direct ef-
fects on the magnetic reversal behavior and microscopic
magnetic domain formation. The disorder itself is man-
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2ifest in an increased surface and interface roughness as
well as an increased degree of lateral chemical and struc-
tural heterogeneity within the magnetic thin film. This
lateral heterogeneity can evolve from simple impurities
and point defects that act as nucleation or pinning sites
to the formation of a distinct reduced or non-magnetic
grain boundary phase in between the magnetic grains.
This investigation draws upon several complementary
experimental techniques: resonant soft x-ray scattering,
x-ray reflectivity, and magnetometry. Additional in-
sight into the interplay of chemical structure and mag-
netic domains was obtained by atomic force microscopy
(AFM), magnetic force microscopy (MFM), and Trans-
mission Electron Micorscopy (TEM). Resonant scatter-
ing from the transition metal L edge, which couples
the electron states and photon polarization, is capable
of directly probing the magnetic character of thin films
[7, 8, 10, 22, 23] and related samples [24–26]. Variations
in the application of this mechanism continues to pro-
duce powerful new magnetic characterization techniques
[27–29].
In our studies, we found all samples to exhibit mag-
netic domain patterns with short range magnetic order-
ing along significant portions of their respective major
hysteresis loops. However, our low disorder (low de-
position pressure) samples showed dilute phase regions
shortly after nucleation, and just prior to saturation, with
little or no short range ordering. From our scattering im-
ages we have been able to extract the ensemble averaged
domain widths and correlation lengths, and study how
they depend on the externally applied field. By combin-
ing our x-ray scattering results with magnetometry data
we were able to extract the average individual up and
down domain widths as they depend upon the applied
magnetic field. Additionally, TEM was used to examine
the two extremes of our samples (highest and lowest de-
position pressure), clearly showing the presence of physi-
cal grain boundaries in the high disorder (high deposition
pressure) sample and the absence of those features in the
low disorder sample. We show below how the growth
pressure affects the amount and kind of disorder in the
films and subsequently how this structural disorder im-
pacts the magnetic properties of the samples.
II. SAMPLES AND STRUCTURAL
CHARACTERIZATION.
Symmetry considerations at interfaces have long been
understood as a mechanism to drive perpendicular mag-
netic anisotropy [30]. The magnetic properties of mul-
tilayer thin films [31], among them Co/Pt [32, 33], are
known to depend upon microstructure, chemical segre-
gation, and other effects introduced at the time of sam-
ple deposition. Previously we have explored the mag-
netic memory effects of these samples and many of these
experimental details are already published [19, 20]. In
this section we revisit and summarize the essential find-
ings of the previous studies, but incorporate new, addi-
tional structural characterization results not previously
published.
Our thin-film samples were grown on smooth, low-
stress, 160-nm-thick SiN membranes by magnetron sput-
tering. The samples had 20-nm-thick Pt buffer layers,
and 2.3-nm-thick Pt caps preventing oxidation. Between
the buffer layer and the cap, the samples had 50 repeat-
ing units of a 0.4-nm-thick Co layer and a 0.7-nm-thick
Pt layer. While the six samples had nominally identical
multilayer structure, they were grown at different argon
sputtering pressures to vary systematically the degree of
disorder in the samples. During growth, we adjusted the
deposition time to keep the Co and Pt layer thickness
constant over the entire series [17]. The samples were
grown at six different pressures: 3, 7, 8.5, 10, 12, and
20 mTorr. We identify each sample based on its growth
pressure. AFM, X-ray reflectivity and magnetometry re-
sults for the complete pressure series as presented in ear-
lier publications [19, 20] are summarized in Fig.1. We
will re-discuss these earlier findings in the following sec-
tions, while incorporating new and additional experimen-
tal data and results, in order to complete our understand-
ing of structural disorder formation originating from de-
position pressure variation on the one hand and its im-
pact on magnetic domain formation on the other hand.
A. X-ray Reflectivity and Diffraction
After the initial x-ray reflectivity (XRR) measure-
ments with Cu Kα radiation, as shown in Fig.1, we
decided to collect higher resolution reflectivity data us-
ing Co Kα radiation for fitting the pressure dependent
changes in our samples. The higher resolution XRR data
(an example is shown in Fig. 2 in the middle graph) for
each of the films was then modeled in 5 groups of layers
or lamella segments, sandwiched between the Pt seed and
Pt capping layer using the BEDE REFS 4 analysis pack-
age [34]. The general XRR fitting model used here is il-
lustrated and outlined in the top panel of Fig. 2 . Instead
of treating every multilayer repeat individually, we intro-
duced lamella segments in order to significantly reduce
the number of parameters required for a reasonable fit.
As shown in the figure, this model still requires 36 free pa-
rameters. Each lamella segment contains 10 repeat layers
of Co/Pt, where the Co and Pt layer thickness and rough-
ness were held fixed within each segment. Specular XRR
cannot easily separate roughness from intermixing at the
interfaces. However, simple bilayer Co/Pt laminate mod-
els, showed much lower Pt, and higher Co densities in the
laminate by nearly 20% from that found in the Pt seed
and capping layers or thicker Co layers, indicating sig-
nificant Co/Pt intermixing. As such, an interfacial layer
was added for each Co/Pt repeated layer in an attempt
to describe Co atom intermixing into existing Pt surfaces
within each lamella segment in the model presented here.
The density of the Co, Pt, and interfacial CoPt layer, as
3FIG. 1: (color online) AFM, x-ray reflectivity, and magnetometry data measured for the 6 pressure series samples. The AFM
images show the sample surface becoming increasingly rough due to the formation of distinct grains as the sputtering pressure
increases. In order to have a good comparison among different pressure samples all AFM images were taken with the same
AFM tip and have the same vertical height color scale. The reflectivity curves, obtained using Cu Kα radiation, reveal an
increase in surface and interface roughness, as well as the disappearance of the multilayer super structure peak with increased
deposition pressure. Both the AFM and reflectivity data were used to determine the overall surface roughness of the samples.
The MOKE hysteresis loops, measured in perpendicular geometry, show a continuous increase in coercivity with a change in
hysteresis loop shape occurring between 7 and 8.5 mTorr.
well as the thickness of the CoPt interlayer, were each fit
to one respective value that in our model was used for the
complete multilayer. However the Co and Pt thickness
as well as the Co, Pt and CoPt interlayer roughness were
held fixed only within each segment, but were allowed
to vary across the 5 different lamella segments that form
the complete multilayer structure in order to describe the
thickness and roughness evolution with increasing stack
thickness or deposition time. It was necessary to include
this type of lamella segment - XRR modeling in order to
describe the experimentally observed changes within the
reflectivity profiles i.e. the broadening and disappear-
ance of both the repeat layer super-lattice peak around
8.1 degrees and the interference fringes as evolving with
increasing deposition pressure. While we observe some
variation in the Co and Pt layer thicknesses that lead to
multilayer repeat variations from 0.93 to 1.2 nm for the
different lamella segments, we do not obtain a systematic
trend in Co, Pt or multilayer period thickness with in-
creasing deposition time as we form the multilayer stack.
In the lowest disorder 3 mTorr sample, the super-
lattice peak is clearly visible, corresponding to a well
defined layer thickness of 1.09 nm ± .05 nm. For all pres-
sures explored here the superlattice peak remains at the
same position within these error bars, which is also con-
sistent with all the average multilayer periods obtained
from the fits within our model. For the 3 mTorr sam-
ple the superlattice peak has already broadened from
a perfect multilayer by small thickness and roughness
changes among the collective lamella segments [17]. How-
ever, in the more disordered samples the super-lattice
peak broadens even further, indicating higher interfacial
roughness and/or intermixing of the Co and Pt laminate
layers [35]. The intermediate frequency fringes present in
the low disorder samples are from the Pt seed, and the
high frequency fringes are from the combined thickness
of the Pt cap, Pt seed and Co/Pt multilayer.
Using the lamella segment model described above and
illustrated in the top of Fig. 2, it was possible to refine
the reflectivity data and extract the roughness depth pro-
files for the various deposition pressures. Shown in Fig. 2
is an example of the fit of the 3 mTorr sample reflectivity
(middle) and the comparison to the extracted interfacial
roughness for all the samples (bottom). For the two low-
4FIG. 2: (Color Online) Shown at the top is an illustration
of the model that was used for fitting the XRR data with a
total number of 36 free parameters. In the middle panel we
display a fit to the 3 mTorr reflectivity data as obtained from
the model shown above. The bottom panel shows the cor-
responding roughness profiles extracted from the reflectivity
data for different deposition pressure samples.
est depositions pressure samples, the roughness is found
to be relatively small throughout the multilayers. The 8.5
and 12 mTorr [36] samples show an increase in roughness
through out the multilayer structure, but not yet evi-
dence of strong CoPt inter-alloying, thus maintaining the
characteristics of the multilayering. From large angle x-
ray diffraction analysis we find that the Co/Pt laminate
and Pt seed/capping layer strain increases with deposi-
tion pressure, until a point is reached at 20 mTorr in
which the laminate cannot maintain a (111) growth tex-
ture anymore and it is energetically favorable to grow in
a more randomly oriented relaxed polycrystalline struc-
ture. At this point the XRR modeling shows a more
conformal roughness of this albeit very thin interfacial
layer accompanied by an almost complete loss of the su-
perlattice peak intensity. This results in a relaxation of
the Pt seed/cap strain approaching again the same strain
state as originally observed at low deposition pressures,
whereas the Pt laminate still retains some pressure in-
duced growth strain. The multilayer structure is almost
not recognizable any more even though the system main-
tains overall perpendicular anisotropy. It is worth not-
ing that the behavior of the surface roughness parame-
ter extracted from the reflectivity is consistent with the
independent atomic force microscopy (AFM) measure-
ments across the pressure series, thus confirming inde-
pendently the validity of our reflectivity lamella segment
model. Both techniques, AFM and XRR, yield a surface
roughness evolution that increases by a factor of 3 from
the lowest deposition pressure 3 mTorr sample to the
highest deposition pressure 20 mTorr sample. All AFM
values are listed in Table 1. While the relative roughness
trends of AFM and XRR analysis across the pressure
series match very well, absolute XRR roughness values
are about a factor of 2 larger than corresponding AFM
values. This may be due to the fact that AFM mea-
sures physical surface roughness only, while XRR also
measures density variations towards the surface due to
intermixing, grain formation or relaxation. In that sense
the XRR roughness is always expected to be larger than
the corresponding AFM roughness.
In addition to the small angle reflectivity measure-
ments we also performed large angle x-ray experiments to
monitor the crystalline microstructure changes via anal-
ysis of the Bragg reflections for the various deposition
pressures. Corresponding results collected with Cu Kα
radiation are presented in Figure 3, where we display
the Bragg reflections as obtained from the Pt seed layer
and the Co/Pt multilayer. Both layers are dominated
by a Pt face-centered cubic (FCC) structure with their
closest packed (111) direction oriented out-of-plane. As
expected the Bragg position of the Pt seed layer matches
very closely the Pt bulk lattice parameter, while the
Bragg position of the Co/Pt multilayer is shifted to larger
angles i.e. smaller lattice spacing due to the Co inter-
layers within the multilayer. With increasing deposition
pressure both Bragg peaks shift towards larger angles,
thus indicating the build up of tensile lattice strain in the
out-of-plane direction. However when increasing the de-
position pressure beyond 12 mTorr towards 20 mTorr the
stress built up within the multilayer is suddenly relaxed
(multilayer Bragg peak shifts back to smaller angles) as
the (111) texture is lost completely due to the reduced
kinetic energy available of the arriving atoms at high de-
position pressure [37]. This is confirmed by comparing
rocking curve profiles of the 3 and 20 mTorr samples in
5FIG. 3: (Color Online) Large-angle Bragg profiles for the var-
ious deposition pressures are shown in the top panel. The Pt
underlayer and the Co/Pt multilayer reveal a strained FCC
(111) out-of-plane orientation. The lower left panel compares
Co/Pt multilayer rocking scan profiles of the 3 and 20 mTorr
sample and confirms the gradual loss of FCC (111) out-of-
plane texture towards a completely polycrystalline structure
as the deposition pressure is increased. The intensity increase
for the 20 mTorr rocking curve at ±15 degrees is due to Bragg
reflection tails that originate from the Si substrate. The lower
right panel shows the residual in-plane strain of the Pt/Co
laminate and Pt Seed/Cap layers for the samples as a func-
tion of deposition pressure. The strain increases in the sam-
ples from 3 to 12 mTorr and then relaxes for the 20 mTorr
sample due to a loss of the (111) texture.
the inset of Figure 3 that clearly show a transformation
of a well textured FCC (111) multilayer at 3 mTorr into
a polycrystalline layer structure at 20 mTorr deposition
pressure.
B. Transmission Electron Microscopy
TEM is a well established technique for examining
nano-scale objects including magnetic structures [38–40]
that is quite complementary to the x-ray characteriza-
tion presented in the previous section. For our studies we
used the Rochester Institute of Technology NanoImaging
Laboratory TEM facilities. Prior to imaging the samples
were etched by floating on KOH solution to remove the
substrate and base layer. Etching times were varied from
FIG. 4: TEM images for the 3 mTorr (left) and 20 mTorr
(right) samples. The 3 mTorr sample shows structural grains
randomly distributed and in direct contact with each other,
without any distinct grain boundary phase present. The 20
mTorr sample exhibits clear formation of a distinct grain
boundary phase, which contains less dense material than the
surrounding grains.
15 minutes to 3 hours to ensure that the results would
be independent of the etching time.
Representative plane-view TEM images are shown in
Fig. 4 and clearly demonstrate the existence of distinct
grain boundary phase formation in the 20 mTorr sample
that are not present in the 3 mTorr sample. The bright
areas within the 20 mTorr sample are regions of rela-
tively high electron transparency in between the grains
with an average width of ∼ 10 nm. Elemental analysis
of the 20 mTorr sample using energy-dispersive x-ray mi-
croanalysis did not reveal any significant chemical com-
positional phase separation at the boundaries. Instead
the boundaries, while substantially less dense or thinner
than the surrounding grains, contained the same relative
composition ratio of Co and Pt. The 3 mTorr sample
does show significant grain structure as well, however the
grains are here uniformly distributed and do not have a
specific lower density boundary phase in-between them.
It is possible that etching, while appearing relatively time
independent, does effect the samples differently. While
the images were collected with the same instrumental
contrast, differences in the apparent contrast could be
due to differences in thickness at the time of TEM mea-
surement.
The presence of the elongated low density structures in
the high pressure 20 mTorr sample, and the correspond-
ing absence of such structures in the 3 mTorr samples,
confirm the formation of a grain boundary phase with
reduced Co/Pt multilayer density and thus reduced or
even vanishing magnetization density as we increase the
deposition pressure during sample preparation. As will
be shown below, the resonant soft x-ray data strongly
6indicate the presence of non-magnetic regions in the high
pressure samples.
III. MAGNETOMETRY AND MAGNETIC
FORCE MICROSCOPY
Prior to the resonant magnetic x-ray scattering, we
measured the major hysteresis loops for all of the sam-
ples using both magneto-optical Kerr effect (MOKE) and
alternating gradient magnetometry (AGM). The major
hysteresis loops, shown in Fig. 1, exhibit clear changes
with increasing deposition pressure that are related to
the increasing structural disorder. The two lowest pres-
sure samples show classic, low defect thin-film hysteresis
curves. They are characterized by both abrupt domain
growth after nucleation and low remanence. The higher
pressure samples show a constant dM/dHApp slope over
the majority of the hysteresis loop and reveal increasing
coercivity as the sputtering pressure is increased. The
macroscopic nucleation, coercive and saturation fields for
each sample are listed in Table 1. Results from micro-
scopic memory experiments for these samples, as well as
additional details of the magnetometry data, were pub-
lished previously [20]. The detailed magnetic reversal be-
havior will be revisited in more detail later in section VI
B, when presenting additional high resolution magnetic
small angle x-ray scattering data.
We also checked the magnetic domain structure using
MFM at remanence after out-of-plane AC demagnetiza-
tion as shown in Fig. 5. The domain patterns evolve from
well defined labyrinth domains with distinct contrast to a
more disordered domain structure with less well-defined
contrast and overall smaller domain size. The reduced
contrast may result from reaching the resolution limit
of the MFM as well as from locally reduced perpendicu-
lar anisotropy due to complete Co/Pt layer interdiffusion
and loss of Pt (111) texture. The difficulty in applying
large fields during MFM limited our measurements to re-
manence, however the MFM domain patterns match well
with the field dependent resonant x-ray scattering data
collected at remanence, as discussed in the following sec-
tions.
IV. RESONANT SOFT X-RAY SCATTERING
FROM LATERAL CHARGE AND MAGNETIC
HETEROGENEITY
Several sets of resonant x-ray scattering data near the
Co L3 and L2 edges were collected from this sample se-
ries using different detection schemes and beamlines at
the Advanced Light Source at Lawrence Berkeley Na-
tional Laboratory. One approach used beamlines hav-
ing high resolution grating monochromators (high lon-
gitudinal coherence) and an apertured Si diode detector
to measure 1D, extended angular range, radial scans of
the azimuthally symmetric transmission scattering pat-
3 mTorr          7 mTorr          8.5 mTorr 
10 mTorr         12 mTorr          20 mTorr 
FIG. 5: (Color Online) MFM images for each sample after
out-of-plane AC demagnetization. Each image is 3µm on a
side.
TABLE I: Co/Pt Sample Characteristics
Samplea σRMS
b Ms
c Hn
d |Hc| e |Hs| f
3 0.48 1360 1.58 0.16 3.7
7 0.57 1392 0.64 0.68 5.0
8.5 0.62 1136 1.68 1.42 5.5
10 0.69 1069 1.45 1.87 6.5
12 0.90 1101 1.23 2.74 9.5
20 1.44 918 -1.81 5.89 14.2
aGrowth Pressure, mTorr
bRMS Surface Roughness from AFM, nm
cSaturation Magnetization of Co, emu/cm3
dNucleation Field, kOe, from positive saturation
eCoercive Field, kOe
fSaturation Field, kOe
terns as in Ref. [10]. The other used a charge coupled
device (CCD) detector and an undulator beam with no
monochromator (relaxed longitudinal coherence) to mea-
sure the 2D magnetic domain scattering distribution of a
more limited angular area directly around the transmit-
ted specular beam. The scattering patterns obtained via
this approach exhibit a speckled structure resulting from
the use of 35 - 40 micron diameter spatial filters upstream
of the samples to increase the transverse coherence of the
incident beam, as in Refs. [18–20]. Below the results
from these two complementary scattering approaches are
presented. Each approach emphasizes different aspects
of the polycrystalline grain structure and the magnetic
domain structure, and their variation with pressure and
magnetic field.
For both approaches, data were collected using linear
incident polarization that is a coherent superposition of
opposite helicity (orthogonal) circular components. We
assume that only the spherically symmetric charge and
7FIG. 6: (color online) Radial transmission scattering profiles
measured at the Co L3 edge as a function of in-plane scatter-
ing vector at saturation field HS (red) and coercive field HC
(blue). Each sample exhibits a low q peak originating from the
magnetic domains and a high q peak originating from struc-
tural grains. Data are normalized to the same intensity scale
for comparison. The weak, sharp feature in the HS curves
at q ∼ 0.075 nm−1 is a parasitic scattering peak and can be
ignored [41].
first order magnetic terms in the scattering factor expan-
sion [7] contribute to the scattering amplitude. Theoreti-
cal considerations and experimental results [10, 21] reveal
that intensities measured using linear polarization con-
tain distinct charge-charge and magnetic-magnetic con-
tributions, Icc and Imm, respectively, and to a good ap-
proximation lack the charge-magnetic cross-term Icm. In-
terpretations below are based on this understanding.
A. Characterizing magnetic and charge contrast as
a function of deposition pressure
Radial scattering profiles measured at the Co L3 edge
over an extended q range at saturation field (HS = 10
kOe) and at the coercive field (HC) of each sample re-
veal the relative strength and spatial frequency distribu-
tion of charge-charge and magnetic-magnetic correlations
and how they evolve with growth pressure [10], as shown
in Figure 6. All scans were corrected for slit-size to repre-
sent the azimuthally integrated intensity vs. radial q and
are normalized to the same scale enabling quantitative
comparison between samples and scans.
At HC magnetic domain scattering is maximized and
all samples reveal strong magnetic intensity peaked at
low q corresponding to the up-down domain periodicity
in the 200 - 400 nm range. The magnetic domain peak
moves to higher q, broadens, and weakens as pressure
increases. Finer trends in the magnetic peak during re-
versal are discussed below.
At saturation magnetic domain scattering is minimized
and the remaining intensity results predominantly from
pure charge (or chemical) correlations peaking at higher q
values corresponding to the polycrystalline grain spatial
frequency giving average intergranular spacing ranging
from 13 - 24 nm. The 3 and 7 mTorr samples exhibit
weak charge scattering peaks consistent with smoother
and more continuous films at this spatial frequency. As
the sample growth pressure increases, the strength of the
intergranular peak increases monotonically by 2 orders of
magnitude, while its position shifts to higher q, reaching
a maximum at 10 mTorr before shifting back to lower q
as pressure increases further.
This strong increase in the charge scattering peak with
pressure is a direct measure of the decrease in the chem-
ical smoothness and continuity of the films. This peak,
dominated by charge-charge intensity, could have con-
trast contributions from one or more of the following scat-
tering mechanisms; surface (or interface) height varia-
tion within with the polycrystalline grains, low density or
even voided grain boundaries, and chemical segregation
at the polycrystalline grain length scale. Each of these
charge contrast mechanisms can reasonably be expected
to increase with pressure, consistent with the trends for
the HS profiles in Fig. 6. Further consideration leads to
the realization that each of these charge contrast mech-
anisms implies some associated magnetic scattering con-
trast. Thus we expect some Imm contribution at the high
q polycrystalline grain peak at saturation in addition to
predominant Icc contribution. This is evident in Fig. 6
as the scattering vector from the coercive field is always
larger than the corresponding scattering obtained at sat-
uration, though only by a small amount when shown on
a log-scale. While the low q Imm contribution at HC re-
sults from oppositely oriented domains, at high q and HS
it results from spatial fluctuations in nominally parallel
Co magnetization.
With this understanding we measured energy spectra
at HS for the intergrain peaks in Fig. 6 to quantify the
relative contributions of Icc and Imm, and their variation
with increasing pressure. The measured spectra are dis-
played in Figure 8, after being normalized to a common
scale. In addition to increasing 2 orders of magnitude
in scattering intensity with sample growth pressure, the
resonant shape evolves in a systematic fashion as well.
Knowing that resonant Co Icc and Imm spectra have dif-
ferent characteristic shapes, we extend the analysis of
Ref. [10] to model these energy spectra as a superposition
of varying amounts of these two contributions. For this
we use Co resonant charge fCo,c and magnetic fCo,m scat-
tering factors and non-resonant Pt charge scattering fPt,c
as shown in Figure 7. These data were obtained by aver-
aging Co transmission absorption spectra measured with
linear polarization of all samples (they were all nearly
identical) yielding the imaginary part of fCo,c, and mea-
8FIG. 7: (color online) Resonant Co charge (blue, dashed) and
magnetic (blue, solid) and non-resonant Pt scattering factors
used to model the scattering energy spectra. f1 represents
the real part of the scattering factors and f2 the imaginary
part as determined by earlier measurements [10].
sured x-ray magnetic circular dichroism (XMCD) spec-
tra using circular polarization from one sample yielding
fCo,m. The real parts of the scattering factors were ob-
tained via Kramers-Kronig transformation.
In modeling the scattering spectra as a superposition
of Icc and Imm, the shape of the charge scattering term
must allow for uncertainty in the precise charge scatter-
ing mechanism (above) and the evolution of this mech-
anism with pressure. Whatever the precise mechanisms
we assume only that they can be described as a super-
position of fCo,c and fPt,c scattering factors as these are
the only constituents in the sample. Thus the charge
contribution to the intensity is modeled as
Icc = |XCo,cfCo,c +XPt,cfPt,c|2 (1)
where the weighting factors XCo,c and XPt,c give the
strength of the Co and Pt charge amplitude contribu-
tions. Since only Co contributes to the magnetic scatter-
ing we model this contribution as
Imm = |XCo,mfCo,m|2 (2)
where XCo,m gives the amplitude strength of the mag-
netic contrast. We do not constrain XCo,c and XCo,m to
FIG. 8: (color online) Normalized scattering energy spectra
measured using linear polarization at the intergranular peak
of each sample. Black lines through the data are best fits
obtained using the model for pure magnetic and pure charge
scattering as described in the text.
be the same, which effectively allows the Co magnetiza-
tion to vary relative to the Co charge as would be the
case if Co in certain regions of the grains has a reduced
moment. The scattering spectra are then described as
I = A(Icc + Imm) (3)
where the overall scale factor A is the same for all samples
since the data are normalized to a common scale.
Modeling proceeds by finding the 2 charge and 1 mag-
netic weighting factors that best fit the measured en-
ergy spectra for each pressure. The best fit models are
shown with the data in Figure 8 and the weighting fac-
tors yielding these models are displayed in Figure 9. The
model spectra generally fit the data well, suggesting that
this spectral modeling approach can be used to quantify
relative charge and magnetic contributions. From Ref.
[10] we expect the Imm and Icc to exhibit characteristic
unipolar and bipolar intensity features, respectively, at
the Co L3 and L2 lines. The data and fits both reveal
a trend from relatively strong unipolar character at low
pressure to predominant bipolar character at high pres-
sure, consistent with relatively stronger Imm contribution
9FIG. 9: (color online) Amplitude weighting factors for Co
magnetic (blue circles), Co charge (red squares), and Pt
charge (green triangles) scattering factor contributions in the
pure magnetic plus pure charge model described in the text.
Only the error bars for the Co magnetic contribution are sig-
nificant and they grow rapidly with pressure, indicating that
above 10 mTorr any magnetic contribution is obscured by the
more rapidly increasing charge contribution. Lines connect
data points.
at lower pressures for smooth films and predominant Icc
contribution at high pressures. The refined weighting
factors confirm this trend, whereby XCo,m is stronger
than the charge contributions up until 10 mTorr. At
higher pressures the rapidly increasing charge contribu-
tions make it difficult to discern a distinct magnetic con-
tribution, and no magnetic contribution is plotted above
10 mTorr where the error bars become comparable to its
value.
The modeling trends indicate that the charge ampli-
tude increases monotonically by more than an order of
magnitude across the pressure range, while the magnetic
amplitude starts out relatively strong and increases more
slowly before apparently leveling off at 10 mTorr at a
value no more than 3 times higher as compared to the
3 mTorr sample. The continuous and strong increase in
charge scattering amplitude with pressure is consistent
with the increasing roughness as measured by specular
reflectivity and AFM in sections II and III respectively.
While the strong increase in charge scattering amplitude
is unmistakable, it is difficult to distinguish between the
different mechanisms suggested above from the resonant
scattering data alone.
The slower increase with pressure in the magnetic am-
plitude followed by apparent saturation can be under-
stood using models in which some portion of the grains,
presumably the grain boundaries, become non-magnetic
as pressure increases. This loss of magnetism could re-
sult either from large density deficits at the grain bound-
aries, or from composition variations that would ren-
der Co in those regions non-magnetic. The formation
of low density or even void regions at grain boundaries
are consistent with earlier presented TEM measurements
of the 20 mTorr sample. However, regardless of the spe-
cific mechanism, once the magnetism is sufficiently dis-
rupted in some region of the grains, the magnetic scat-
tering would converge towards a constant value, as the
magnetic amplitude contrast is then effectively given by
(fCo,m−0), which cannot increase any further. Thus the
trends in XCo,m suggest a loss of magnetism that would
tend to magnetically decouple or disrupt adjacent grains,
as used for the design of granular magnetic recording me-
dia [42, 43]. Such a disruption in magnetic intergranular
exchange with increasing pressure has important impli-
cations on the magnetization reversal mechanism and mi-
croscopic magnetic memory as measured in the magnetic
speckle studies from these samples [18–20]. In particu-
lar, magnetically decoupled grains are expected to exhibit
more domain memory through hysteresis cycles, as the
reversal of individual grains should be more determinis-
tic based on their distribution of anisotropies, Zeeman
energies and defects that would act as pinning centers.
B. Resolving fine details of magnetic domain
behavior through reversal
Resonant magnetic scattering at the low q domain
peak through magnetization reversal cycles provides fur-
ther insight into the domain evolution during reversal. As
compared to the previous sections, the results obtained
here use a CCD area detector that provides higher an-
gular resolution for a more limited q-range around the
specular transmitted beam, thus covering only the low
q magnetic domain scattering peak earlier observed in
Fig. 6. This domain scattering is dominated by the Imm
contribution and the results below ignore the Icc contri-
bution that is small at these low q values.
The low q resonant magnetic scattering experiments
were also performed at the Advanced Light Source at
LBNL. The photon energy was set according to the cobalt
L3 resonance at 778 eV and then adjusted slightly to
maximize the difference between scattering at remanence
and saturation. The light was passed through a 35 mi-
cron diameter pinhole with a sample arm behind the pin-
hole allowing illumination of a 40 micron diameter area of
the sample surface. The x-rays are incident perpendicu-
lar to the sample surface and are scattered by the sample
in a transmission geometry. The resonant magnetic scat-
tering was then collected by a soft x-ray CCD camera
1.1 meters behind the samples and each scattering pat-
tern was collected with exposures of ∼ 10 seconds. The
magnetic domains were manipulated by a water cooled
electromagnet, which provided in-situ uniform magnetic
fields up to ∼ 11 kOe perpendicular to the films. The
experimental chamber was maintained under vacuum at
∼ 10−8 Torr.
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Two typical magnetic scattering patterns for the 3
mTorr sample are shown in Figure 10, collected along
the major hysteresis loop shortly after nucleation (top)
and at remanence (bottom). At remanence, the domi-
nant structure is a ring of diffuse scattering reminiscent of
the scattering from a classical 2d liquid exhibiting short-
range, nearest neighbor positional correlations, indicat-
ing a randomly oriented, labyrinth magnetic domain pat-
tern. The scattering is azimuthally symmetric about the
center of the beam, indicating that there is no preferred
alignment direction of the magnetic domains. The dark
feature is the beam-stop and mounting arm. Note that
this diffuse scattering is strongly speckled due to the use
of transversely coherent x-rays.
By changing the applied magnetic field we were able
to drive the samples around their major hysteresis loops
as well as making excursions inside the major loop. Each
time the applied magnetic field is changed, the domains
respond by changing their configuration to minimize the
energy of the system. At each point after a change in
the applied field a scattering pattern was collected. All
of these scattering patterns were collected in the quasi-
static limit. After a change in the applied field, the mag-
netic domains would quickly respond and settle into a
new minimum energy configuration. Typically applied
field steps of ∆HApp = 0.25± 0.01 (kOe) were used.
The average width of the magnetic domains is evident
in the scattering angle of the diffuse ring. Likewise the
positional correlation of the magnetic domains, the dis-
tance over which a domain correlates with its neighbors,
is contained in the width of the diffuse scattering ring.
While such information is present in Fig. 6 for two ap-
plied magnetic fields, it was necessary to obtain both
higher resolution scattering data and a finer sampling of
points along the major hysteresis loop.
Also shown in Figure 10 is a speckle pattern collected
for the 3mTorr sample shortly after nucleation and the
initial growth of the magnetic domains. In this picture,
the scattering falls off exponentially and is reminiscent of
the scattering observed from a gas. The scattering cen-
ters are randomly distributed and no definite length scale
has developed yet. Only the two lowest disorder sam-
ples exhibited such “gas-like” scattering patterns with
no short range positional order. For these instances the
magnetic domains are randomly distributed over the film
and we used a Guinier fit for the exponential decay of the
scattering. This type of scattering pattern was only ob-
served in a narrow region after nucleation or right before
saturation on the major hysteresis loop as shown in Fig.
11.
1. Labyrinth Domains and Liquid-Like Scattering Results
The collected scattering patterns contain information
about the magnetic domains in the samples. The angle
of maximum intensity, the width of the interference max-
imum, and the total integrated intensity are all directly
FIG. 10: (color online) X-ray CCD image for the 3 mTorr
sample collected at two different applied fields. The beam-
stop is visible in both images. Top: Scattering characteristic
of a diffuse gas-like phase with randomly distributed magnetic
domains. The scattering intensity rapidly drops with scatter-
ing angle. This image was taken shortly after nucleation for
the 3 mTorr sample. Bottom: Image taken at remanence.
The ring of diffuse scattering is characteristic of a liquid-like
(labyrinth) arrangement of magnetic domains with first-order
positional correlations. The total observed intensity is also
greater at remanence due to the increase in magnetic hetero-
geneity.
related to the magnetic domain structure. To extract this
information in a systematic fashion q = 0 was located
through a center of mass calculation and the scattering
patterns were then averaged azimuthally to eliminate the
speckles. Background images were made by holding the
sample at magnetic saturation in a large, constant mag-
netic field and then subtracted to eliminate small angle
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FIG. 11: (color online) Hysteresis loop plots showing the ob-
served phases for a low pressure (at left, 3mTorr) and high
pressure sample (at right, 12mTorr). In both the 3 mTorr
and 7mTorr samples we observed both liquid-like and gas-like
scattering. The gas-like scattering was observed only just af-
ter nucleation or just prior to complete reversal. The high
pressure samples only showed liquid-like scattering in our ex-
periments.
charge scattering.
A radial profile of the scattering intensity as it depends
upon qr is shown in Fig. 12 for the 3 mTorr sample.
As shown, the applied field was reduced from a large
value taking the samples from positive saturation, down
their major loops eventually to negative saturation. The
scattering intensity, peak position, and width all change
as the applied field is varied. Ultimately even the line-
shape itself changes as the sample approaches magnetic
saturation. The radius of the scattering annulus from
q = 0 is inversely related to the average domain pe-
riod via Bragg’s law. The width of the scattered ring
is inversely related to the range over which neighboring
domains are strongly correlated. The greater the varia-
tion in width of the domains, the wider the annulus will
appear. As shown earlier in Fig. 6, the width of the
radial profiles increases with increased interfacial disor-
der. And aside from a difference between the 3 mTorr
and 7 mTorr samples, the position of the scattering peak
shifts towards larger momentum transfer as the disorder
is increased. The larger domain size in the 7 mTorr sam-
ple is likely due to the development of initial magnetic
point defects that cause some small degree of frustration
during an otherwise free stripe domain propagation.
The radial position of the diffuse scattering is related
to the spacing between domains of the same polarity by
simple transmission diffraction: λ = d sin θ, with λ =
1.59 nm, where d is the domain period corresponding to
the average distance from a given domain across its anti-
aligned neighbor to the next domain of the same polarity.
The total domain period dependance on magnetization
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FIG. 12: (color online) Scattering intensity for the 3 mTorr
sample plotted as a function of momentum transfer for several
different applied field values in descending order along the
major hysteresis loop. The first applied field shown (1.0 kOe)
corresponds to the transition point from gas-like to liquid-
like scattering. The other profiles show further points along
the hysteresis loop taken progressively for decreasing applied
fields. The scattering profiles are obtained from azimuthal
averages of the SAS CCD images.
is shown for the samples in Fig. 13. We found that
increased sputtering pressure tends to result in smaller
domain period. As disorder increases the domain period
shrinks.
The individual up and down domain widths are of in-
terest as well, but are more difficult to extract from ex-
perimental data. Previous x-ray studies [46] of magnetic
domains have fit SAXS intensity data to modeled scat-
tering amplitudes in order to separate the individual up
and down domain widths. Here we propose a much sim-
pler approximation. So long as the magnetic domains
are merely becoming wider and thinner a simple relation
between the width of an up domain to the total width is
dup =
dtotal
2
(1 +
M
Ms
) (4)
where M is the current magnetization and Ms is the
magnetization of the sample at saturation. We will use
m = M/Ms for the reduced magnetization below. Fig-
ure 13 includes this estimate for the individual domain
widths for each sample as they depend upon magneti-
zation going from positive saturation to negative sat-
uration. This relation will break down once the mag-
netic domains begin to bifrucate or shrink in length. At
this point the relation will underestimate the shrinking
domain width and overestimate the increasing domain
width.
The degree of correlation between domains, or the rela-
tive amount of ordering, for the different samples behaves
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FIG. 13: (color online) The domain period and the individual up and down domain widths plotted as a function of the reduced
magnetization m = M/Ms for the 3, 7, 8.5, 10, and 12 mTorr samples as measured while descending the major hysteresis loop.
The widths are based upon a linear decomposition from the sample magnetization. The domain period d is shown in blue
triangles, while dup is shown as green circles and ddown as red squares. Values for the 20 mTorr sample are not shown due to
the limited qr range sampled during the high resolution scans. The asymmetry present in each figure will be discussed in the
section V.
in a systematic fashion, more so than the domain widths.
Using the real-space 2 point correlation function
C(r1 − r2) ∼ exp(−|r1 − r2|
2
Λ2
) (5)
the correlation length Λ can be extracted from the data
as well. Plots of the correlation length as a function
of the applied field are shown for the 3, 7, 8.5, 10, &
12 mTorr samples in Figure 14 . For each sample the
domain correlation length is initially quite small as the
sample nucleates and then grows to a maximum once the
domain structure is well established. Then as satura-
tion is approached the degree of correlation drops again.
Overall the degree of correlation systematically decreases
as the sputtering pressured is increased in the samples.
This implies that the random nature of the defects in the
samples becomes more and more important compared to
the dipole-dipole interaction responsible for the ordering.
The ratio of the correlation lengths to the total domain
spacing d, essentially the number of up/down periods
within a correlation length, can provide further insight.
The 3 mTorr sample is unique among those studied. The
magnitude of the ratios for the 3 mTorr sample is be-
tween 2 and 2.5, while for all the other samples the ratio
is between 0.5 and 1.5. The dependence of the ratio upon
the magnetization is also quite different. For the lowest
disorder 3 mTorr sample we find that the ratio of correla-
tion length to domain period starts at its maximum value
and then decreases as the magnetization is decreased and
reversed. All of the other samples show an initial increase
in the ratio of correlation length/domain period with a
maximum closer to remanence and a decrease again to-
wards saturation.
Additionally, we found with both magnetic x-ray scat-
tering, as well as MFM studies, that the lowest pres-
sure samples could form very regular, long range ordered
stripe patterns when in-plane AC demagnetized, i.e. cy-
cled in an alternating positive/negative in-plane field of
slowly decreasing amplitude. This behavior shown in Fig.
15 was very pronounced in the 3 mTorr sample, already
much reduced in the 7 mTorr sample, and barely visible
in any of the higher disorder samples. This possibility of
long range parallel domain alignment in the 3 mTorr sam-
ple reflects once more the very low lateral magnetic defect
density present within this sample. Even for the 7 mTorr
sample it is obvious that a much higher magnetic defect
density prevents any long range parallel stripe domain
formation after in-plane AC demagnetization, shown in
Fig. 15, which is also reflected in the already signifi-
cantly reduced magnetic correlation length as compared
to the 3 mTorr sample. As expected [44], the domain
spacing decreases in the highly ordered parallel stripe
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TABLE II: Measured Length Scales and Energy Fit Parameters
Samplea Chemical Grainb Magnetic Domainc Correlation Lengthd Length Ratioe a0 a1 dt
f σW /σ7mTorr
g
Period Period
3 Not Observed 216 542 2.5 2.23 .49 218±5 0.71
7 Not Observed 251 405 1.6 1.37 1.1 254±1 1
8.5 16 190 259 1.4 1.71 .68 199±12 .38
10 19 161 240 1.5 1.30 .81 165±10 .24
12 26 150 198 1.3 1.26 .83 145±8 .22
20 30 140 144 1.0 - - - -
aGrowth Pressure, mTorr
bnm
cnm, at HC
dnm, at HC
eCorrelation Length/Magnetic Domain Spacing
fnm, from fits
gRelative Domain Wall Energy Density
patterns. More extensive work comparing the labyrinth
and parallel stripe domain patterns in thin-films has been
performed on very similar magnetic samples [2, 46].
2. Gas-like Scattering Results
The 3 and 7 mTorr samples both show a very sharp
and sudden onset of magnetic reversal thus indicating
rapid domain growth initiated by the fact that the Zee-
mann energy required for nucleating a domain without
a magnetic defect present is significantly higher than for
propagating an already existing domain. In our scatter-
ing experiments, we observed gas like Guinier scattering
from the low disorder samples [47]. Both the 3 mTorr and
7 mTorr samples showed evidence of gas-like scattering
both shortly after nucleation and just prior to saturation
as can be seen in Fig. 16. The corresponding hysteresis
loop regions are shown for the 3 mTorr sample in Fig. 11.
This is a clear indication that near nucleation and satu-
ration the domains are randomly located within the film
with no correlation in spacing or any short range order.
Additionally, upon the appearance of the gas phase after
nucleation or just prior to disappearance before satura-
tion, the transition between the liquid-like and gas-like
phases was observed, as shown in one of the 3 mTorr
datasets included in Fig. 16.
Simple Guinier fits [47] are included in Fig. 16 that
describe the data sets well, at times over 2 full decades
of intensity. Using the simplest form where I(q) ∝ e−αq2
the data could be fit usually out to qr ≈ 0.03 nm−1.
The beamstop prohibited extension to small enough qr
for more detailed modeling. However, using the most
simplistic approach of I(q) ∝ e−R2gq2/3 returns radius of
gyration values of Rg = 87 ± 4 nm for the 7 mTorr and
Rg = 84 ± 6 nm for the 3 mTorr samples. These values
were not measurably different for a single sample when
comparing the phase just after nucleation to that just
prior to saturation, nor do the values show any measur-
able difference between the 3 and 7 mTorr samples. Al-
though the SAXS data at these fields did not lend itself
to more precise modeling, it is plausible to expect this
corresponds to a minimum domain bubble size and min-
imum domain width of between 60 - 100 nm, depending
upon the exact model used, and matches well to bubble
domain sizes in similar samples [48, 49]. Likewise it is
plausible that for fine enough steps in applied field, that
there will be a measurable effect on the Rg value. How-
ever, while the profiles of the scattering are similar, the
scattered intensity from the randomly ordered phase of
the 7 mTorr sample was several times stronger than the
corresponding scattering from the 3 mTorr. This is an
indication that there are more nucleation sites and small
isolated domains in the 7 mTorr sample.
Similar X-ray microscopy (XRM) experiments [48]
show that the first nucleation sites occur earlier in the
hysteresis loop than is often thought. There are isolated
bubble domains that appear well before significant do-
main growth and branching have occurred with sizes that
are well below 100 nm. They also confirm that shortly
after nucleation the new domains have a fairly constant
width, but the distance between nucleated domains is
random. Added to that randomness is the variation for a
single nucleated domain that has bent or branched back
towards itself. The distance or spacing between two dif-
ferent parts of that domain is far more random than is
observed in a stable labyrinth pattern. Because of com-
bination randomness from the isolated bubble domains,
and differing length scales of the isolated domains that
have begun to grow, the scattering appears gas-like with
no definite length scale.
The random nature of the gas-like phase in the low
disorder samples points to fewer nucleation sites and less
pinning of the magnetic domain boundaries. Consider a
nucleation site which runs out partially, while branch-
ing often with some of the branches looping back on
themselves. While the width of an individual nucleated
domain may be fairly consistent, the width of the re-
gion which has not reversed will possess significant ran-
domness until the elongation and branching process has
14
−1 −0.5 0 0.5 10
100
200
300
400
500
600
Reduced Magnetization
Co
rre
lat
ion
 L
en
gt
h 
!
 (n
m
)
 
 
3mTorr
7mTorr
8.5mTorr
10mTorr
12mTorr
−1 −0.5 0 0.5 10
0.5
1
1.5
2
2.5
3
Reduced Magnetization
!
 / 
d to
ta
l
 
 
3mTorr
7mTorr
8.5mTorr
10mTorr
12mTorr
FIG. 14: (color online) Top: The average correlation lengths
for the 3, 7, 8.5, 10 and 12 mTorr samples as they depend
upon the applied field around the major hysteresis loop. The
correlation length is related to the inverse of the width of the
scattering peak. Notice that as the disorder is increased the
correlation lengths consistently decrease. Bottom : The ratios
of the correlation length Λ over the total domain period dtotal
plotted as a function of magnetization for each sample.
3 mTorr          7 mTorr          8.5 mTorr 
FIG. 15: MFM images showing the magnetic domain struc-
ture resulting from an in-plane demagnetization routine.
Each image is 3 µm on a side.
completed. This is further supported by microscopy im-
ages as shown in Figure 16 and in other work [48]. The
absence of such a phase in the higher disorder samples
points towards a significant increase in the number of
defects that act as nucleation sites.
This clearly supports the idea of the lowest disorder
FIG. 16: (color online) Left : Log-plot of a radial profile for
the 7 mTorr (top two) and 3 mTorr (bottom two) samples
just after nucleation and just prior to saturation. The inten-
sity of each set is offset for clarity. Simple Guinier fit lines
are included, matching the data at low qr. The 3 mTorr data
just prior to saturation includes the random scattering at low
qr, but still shows some evidence of the nearest neighbor po-
sitional correlation at higher qr. Right : XRM images of the
3 mTorr sample taken shortly after nucleation. In each im-
age there are nucleated stripe domains which have a definite
width, but they are disconnected and not as well defined as
in the liquid like state that we observe at remanence. Isolated
bubble domains are also visible with a diameter of ≈ 100nm
or less [48, 49] as indicated by the arrows.
samples not possessing a chemical grain structure with
a distinct grain boundary phase that would act as mag-
netic defects or pinning sites. Instead we see the evo-
lution of the magnetic domains to proceed in a fashion
consistent with a fluid, i.e. continuous changes in mag-
netic boundary propagation, where lateral variations in
magnetization density or exchange are very small, thus
allowing free propagation of magnetic domains into their
lowest magnetostatic energy state.
V. INTERPRETATION OF DOMAIN
EVOLUTION AND ENERGETICS
The total energy for a continuous magnetic system is
often calculated based on the sum of three competing
energy contributions:
E = EH + Ed + Ew (6)
the energy from the external field EH , the energy of
the interacting dipoles Ed, and the energy associated
with domain walls Ew. Starting from the treatment by
Draaisma and de Jonge [13, 52] we have modified the
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equations to include 2 additional phenomenological fac-
tors, a0 and a1. We approximate the dipole-dipole inter-
action of the domains by
Ed =
µ0m
2M2s
2
+
µ0M
2
s
2
∑
n=1
4dtotal
t(npi)3
sin2(
a1npi
2
(m+ a0))
(7)
where t is the total thickness of the magnetic multilayer,
Ms is the saturation magnetization, and m = M/Ms the
reduced magnetization. With a1 = a0 = 1 the original
equation from ref. [52] is recovered. The factors a1 and a0
allow the domain period dtotal(m) to be asymmetric with
respect to up and down domain portion about m = 0
and for the minimum dtotal to occur at non-zero m. We
observe both of these features in our data, which are not
compatible with the simpler form of the equation for Ed.
The parameters a0 and a1 can be qualitatively related
to the nucleation field Hn, where a0 provides an offset
through the phase shift, and slope of the magnetization
with applied field, with a1 adjusting the rate of change.
However, a more quantitative relation between them is
not possible within our limited data set. The energy from
the external applied field H is written as
Eh = −µ0HM (8)
and is independent of the quantity of interest, the domain
period dtotal. The cost to create a domain wall is taken
to be
Ew = σw/dtotal (9)
where σw represents the energy per unit area of the do-
main wall. Therefore, in order to extract the domain
period dtotal the energy E is minimized with respect to
dtotal. The contribution originates from the ratio of the
∂Ed/∂dtotal and ∂Ew/∂dtotal and is given by
dtotal =
√
σwµ0M2s /
∂Ed
∂dtotal
(10)
.
We carried out the sum for Ed to n = 3 and fit the
resulting equation. An example of the fit to the data is
shown in Fig. 17 for the 7 mTorr sample. The resulting
parameters from all the fits, and the calculated domain
wall energy density, are listed in Table 2. The most inter-
esting of these parameters is σw. For the 7, 8.5, 10, and 12
mTorr we see a steady decrease in σw as we would expect.
However the energy density of the 3 mTorr sample is be-
tween that of the 7 mTorr and 8.5 mTorr samples. If, as
mentioned earlier, we expect the 7 mTorr sample to have
an increase in the number of nucleation sites and mag-
netic point defects, then the rapid domain wall growth
after nucleation will lead to a more frustrated domain
configuration, and hence a higher domain wall energy as-
sociated with it, than for the 3 mTorr sample. However,
once the structural boundaries between chemical grains
play an increasingly important role, the energy cost to
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FIG. 17: (color online) Fit of the domain period as is depends
upon reduced magnetization for the 7 mTorr sample.
make a domain would drop since domain walls would
form along lateral regions of reduced magnetization.
If we use the fit parameters from equation 9 we are able
to reproduce the slopes of the hysteresis curves for the
disordered samples, but not the area contained within
each curve. We expect that this is due to the increasing
importance of domain wall pinning by grain boundaries
of reduced magnetization within the samples. While the
decrease in the domain wall energy density may make it
easier for a grain (or a unit area of the film) to flip, it
likely impedes domain wall motion itself. Instead of be-
ing able to move freely and continuously in response to
an external applied field, the domain walls are tied to the
grain boundaries and other defects with reduced magne-
tization, thus making any domain wall motion less fluid
[3, 50, 51]. This is also supported by our earlier magnetic
memory experiments performed on the same set of sam-
ples [19, 20]. If the domain walls are limited to a more
discrete motion along regions of reduced magnetization,
such as grain boundaries, then it is also more likely that
the microscopic domain evolution could repeat for sub-
sequent cycling along the major hysteresis loop.
Along similar lines, we can postulate that the correla-
tion length of the domains can be related to the coerciv-
ity field Hc. With less disorder (i.e. for lower deposition
pressure) we find the domain period to be more uniform
and the correlation length to be larger. As disorder in-
creases due to the formation of well defined grain bound-
aries and magnetic pinning sites, it will become more dif-
ficult for the domain spacing to relax in response to an
applied field. The domain walls will be forced to move
along regions of reduced magnetization originating from
lateral chemical segregation, thus limiting the distance
over which the domains correlate. How does the domain
correlation length compare to the coercivity Hc as the
disorder is increased? We find the inverse of the corre-
lation length to follow Hc very closely as shown in Fig.
18.
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FIG. 18: (color online) The inverse of the correlation length
Λ plotted as a function of Hc. The fit line shows a simple
linear interpolation for the first 5 points.
VI. DISCUSSION
We can draw several conclusions based upon our obser-
vations. The sputtering growth pressure plays a strong
role in determining the structure of the magnetic do-
mains and their evolution when applying external mag-
netic fields. No evidence of any grain boundary phase is
observed in the samples grown at lower pressure. In con-
trast, the samples grown at higher pressures exhibit for-
mation of a distinct lower density grain boundary phase
in between the grains. This grain boundary phase ap-
pears to restrict and discretize the magnetic domain wall
motion and overall domain evolution as external fields
are applied. Analyzing the contributions of charge and
magnetic scattering of soft x-ray energy spectra taken
across the Co L absorption edges at the length scale of the
grain period reveal direct evidence that the low density
grain boundary phase is associated with an increasingly
reduced magnetization density as the deposition pressure
is raised from 3 to 10 mTorr.
We have found low structural disorder samples to ex-
hibit hysteresis curves with rapid, avalanche like domain
growth, while samples with higher structural disorder
reveal a much more gradual onset of magnetization re-
versal. The degree of short range ordering of the mag-
netic domains themselves is also much higher for the low
pressure samples as reflected by the domain correlation
lengths and in-plane AC demagnetization experiments.
As the number of magnetic domains for a given area in-
creases we know that the gain of creating a new domain
wall has gone down. From the individual domain widths
it is then possible to estimate the cost of making a domain
wall. From our data we observe a trend towards smaller
domain sizes and therefore expect the energy cost of cre-
ating a domain wall to be less. This observation can again
be explained by the formation of lateral grain boundary
phase regions with reduced magnetization density that
act as domain wall pinning lines.
With the size of the total domain spacing we see the 7
mTorr to have the largest domain size, followed by the 3
mTorr sample and then all the higher disordered samples
with the domain spacing systematically decreasing as the
growth pressure increases. At first this seems not to fit
with the simple idea of a systematic dependence of do-
main width upon disorder. However it can be understood
based upon the number of available nucleation sites. In
the 7 mTorr sample we observe a significant increase in
the nucleation site density thus leading to rapid frus-
tration as the domains grow out into larger structures.
For the lowest disorder sample defects that act as nucle-
ation sites are so far apart that any frustration effects
are very minor and thus do not influence the domain size
as much. In that case, the magnetic properties are only
restricted by the competition between magnetostatic and
domain wall energy. Once the number of nucleation sites
becomes sufficient to disturb the free magnetic domain
evolution, then one consequence is an increased domain
size due to frustration. Other studies [14, 16] have shown
even more dramatic effects that may originate from an
increase in nucleation site density. As the disorder is
further increased, resulting in the formation of more ex-
tended defect lines, the domain period becomes smaller
and the correlation length of the domain structures de-
creases. By comparing the ratio of the correlation length
to the domain period we see that the 3 mTorr sample is
distinctly different from all the other samples.
The samples grown at higher pressure, i.e. 8.5 mTorr
and above, show evidence of 1-dimensional defect lines
that appear in the form of a lower density grain bound-
ary phase. The magnetic domain walls propagate prefer-
entially along such regions of reduced magnetization, as
this allows a significant reduction in domain wall energy.
All of these properties describe two distinctly different
magnetic systems, one disordered and one not. This re-
sult, while being understandable on its own, is further
supported by our previous studies of the magnetic mem-
ory properties of these samples. There we found the 3
mTorr and 7 mTorr sample to possess no memory prop-
erties, while the 8.5, 10, 12 and 20 mTorr samples all
posses significant major loop return point memory. The 7
mTorr sample shows very little, if any, return point mem-
ory. As such, while the disorder has begun to influence
the sample’s magnetic properties and microstructure, it
is not sufficient for the actual domain configuration to
find the microscopically identical reversal path each time
the sample is cycled around the major hysteresis loop.
Phenomenological and numerical models [53–57], in
addition to micromagnetics calculations [58, 59], have
been very successful at capturing magnetic domain be-
havior, as well as memory effects and hysteresis. Other
models, such as cellular automata and dynamics simula-
tions, are also capable of reproducing such behavior [60–
62]. We are optimistic that parameter tuning of mod-
els which incorporate short and long range interactions,
along with a disorder mechanism, will accurately model
our observations.
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VII. CONCLUSIONS
We have found soft x-ray magnetic scattering to con-
tinue to be an excellent technique for characterizing and
quantifying the magnetic properties of thin-film samples.
Using a model system of perpendicular anisotropy Co/Pt
multilayers deposited at different Ar sputter pressure en-
abled us to continuously tune the degree of lateral het-
erogeneity and structural disorder in a systematic series
of increasingly disordered samples. Combining various
advanced characterization techniques, our study allowed
new insight into mechanisms of how increased structural
disorder and lateral heterogeneity in magnetic thin film
systems alters magnetic properties, such as reversal be-
havior and domain microstructure.
First we exploit different independent techniques to
quantify the degree of structural disorder in our sam-
ples, such as surface roughness via AFM, surface and
interface roughness via XRR, degree of out-of-plane crys-
tallite alignment via XRD and lateral heterogeneity and
grain formation via TEM and resonant soft x-ray small
angle charge scattering. The impact of the increasing
structural disorder in the form of roughness and distinct
grain formation on the magnetic properties of the sam-
ples is then studied by hysteresis loop analysis, MFM
and resonant soft x-ray small angle magnetic scattering.
We find that besides a continuous increase in coerciv-
ity with increasing deposition pressure, a crucial tran-
sition in magnetic reversal behavior occurs at pressures
of about 8-10 mTorr. In this pressure range the mostly
free propagation of domains that occurs during the field
reversal of low pressure samples is significantly impacted
by the structural disorder. As a consequence the typi-
cal gas-liquid-gas-like hysteresis loop shape changes into
a constant slope reversal mode, where isolated magnetic
regions (grains) start reversing more independently from
each other, thus also increasing the degree of return point
memory in the system as reported in earlier studies [18–
20]. The initial onset of the transition into a more defect
dominated magnetic reversal mode could additionally be
revealed via MFM by the possibility of parallel stripe
domain alignment after in-plane AC demagnetization,
which is already almost completely lost when increasing
the deposition pressure from 3 to about 7 mTorr.
Such detailed insight into the impact of structural dis-
order on magnetic properties and reversal behavior are
of great importance for a better understanding of the
design of granular magnetic recording media, such as
used in hard disk drives, where the controlled segrega-
tion of the media layers into a lateral structure of mag-
netic grains and non-magnetic grain boundaries, has been
used for decades to design recording media that sus-
tain ever increasing areal density. While the complex
magnetic media layer structure should be maintained
within each grain as originally deposited with no inter-
diffusion and sharp interfaces between the layers (no dis-
order here), the desired lateral grain/grain-boundary for-
mation is completely driven by a high deposition pressure
self-segregation process of the material, where it is essen-
tial to create a laterally heterogeneous structure with a
certain degree of disorder. Without such a fine magnetic
grain / non-magnetic grain boundary lateral microstruc-
ture the media would not be able to confine and preserve
(over time) any sharp bit transitions as they are defined
by the magnetic write head. We feel that our model
system study presented here helps providing a better un-
derstanding for the delicate balance between order and
disorder that is necessary for designing state of the art
magnetic devices based on thin film technology.
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